Abstract. Balloon-borne backscattersondes have been used to study the relationship between particle scattering and ambient temperature near the vertical edge of arctic polar stratospheric clouds (PSCs) as well as to delineate the cloud type occurrence probability as a function of temperature. The observed typical threshold temperatures as a function of altitude are about IøK warmer than the temperature Ts•:s expected for rapid growth of supercooled ternary solution aerosols. A more descriptive analysis shows that the threshold temperatures occur over a definable range of temperatures and tend to cluster near, but somewhat warmer than, Ts•:s. Considering the experimental and theoretical uncertainties, this difference may not be significant. The probability of type Ib PSC occurrence shows a dramatic increase at TST s -+-IøK, while for type Ia PSCs the probability is roughly constant at 10% for temperatures below the formation point of nitric acid trihydrate (TNAT). Koop and Carslaw [1996] have described a multiple component system in which frozen and cooling background stratospheric aerosol particles can undergo a sudden melting and dramatic growth over only a IøK temperature range at a welldefined temperature (deliquescent temperature Td). As these authors indicate, such an effect should be observable in existing and future field measurements. This deliquescent effect should not be confused with the deliquescence of the liquid background sulfuric acid aerosol.
Introduction
In spite of diverse field observations, laboratory measurements, and new theoretical developments some important aspects of type I polar stratospheric cloud (PSC) formation mechanisms still remain unclear. Initially two classes of type I PSCs (Ia and lb) were defined from the characteristic properties of lidar backscatter Browell et al., 1990 ]: Ia particles are apparently larger, are of smaller concentration, have lower backscatter ratios, and are nonspherical as implied from the depolarization in the backscatter; lb particles appear to be smaller, to be more numerous, to display higher backscatter ratios, and to be probably spherical or nearly spherical.
It was initially proposed that Ia PSCs would form by condensation on only the small fraction of particles present that could serve as active nuclei at the low supersaturations associated with a slowly cooling air mass . Fast cooling would give rise to higher supersaturations, leading to condensation on a larger number or on all particles present, which, in turn, would result in the smaller particle size associated with lb PSCs. However, it is now recognized that this simple explanation cannot be generally applicable since mesoscale temperature fluctuations (MTF) would effectively resuit in most air parcels experiencing high cooling rates [Murphy and Gary, 1995] .
It is generally believed that type I PSCs are formed largely from nitric acid and water vapors available in the ambient atmosphere. Initially, it was suggested that type I PSCs were composed of nitric acid trihydrate (NAT), a solid crystal [Toon et al., 1986; Crutzen and Arnold, 1986 ]. This proposal was at •Department of Physics and Astronomy, University of Wyoming, Laramie. occurrence for type Ia and Ib PSCs in relation to TNA T and TsTs is also being developed from the basic field measurements.
Instrumentation
The field observations were made with a balloon-borne backscattersonde [Rosen and Kjome, 1991] . This instrument measures the local aerosol backscatter at 490 (B490) and 940 (B940), ozone concentration, pressure, temperature and tropospheric relative humidity, with a vertical resolution of about 30 m. A notable and important feature of the technique is that the aerosol is sampled in its natural temperature and pressure environment, thus eliminating operational questions related to particle volatility effects. The final aerosol data products and profiles are very similar to those obtained by high-resolution, low-noise lidar systems. The unsmoothed background aerosol profiles in the 20 km altitude region indicate that the overall instrument point-to-point signal noise is of the order of 1% or less for the red backscatter channel. Thus small changes in aerosol can be reliably detected. Since the color index (CI) (defined as B940/B490) is size sensitive, some information concerning the general particle size can be deduced from the measurements. However, for small values of B490 the statistical fluctuations in the CI may become quite large, in which case it will be necessary to consider the characteristic value of several successive data points. Another important aspect of the 1995-1996 vortex was the relatively small stratospheric aerosol background concentration. This condition made it possible to detect PSCs that perturbed the backscatter signal by only a few percent. Thus threshold PSCs could be detected with good sensitivity. Figure 1 illustrates the results of a winter arctic backscatter- 1996], and we have used a nominal value of 1.43. Thus there would appear to be reasonably small uncertainty in the calculation of aerosol backscatter from aerosol volume for the range of particle size distributions expected. The arrow on the temperature scale in Figure 2 identifies the formally calculated value of the model-derived TsTs, which is defined here as the temperature for which the percentage rate of change in the slope of the curve of the particle volume versus temperature is a maximum. For reference in discussions below it should be noted that our definition of Tsxs occurs at a temperature where the aerosol backscatter ratio has approximately doubled in the previous iøK temperature drop for the example shown. Thus our Tsts is perhaps as much as iøK below the threshold temperature associated with subjective identification of the PSC edge, or threshold.
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PSC Thresholds in General
For the database used here, there are many examples of PSC edge, or threshold, regions such as the one illustrated in Figures 1 and 2. Figure 3 was constructed in an effort to efficiently summarize the thermodynamic characteristics of these regions. For Figure 3 the threshold point was determined by inspection of sharp cloud edges when the aerosol backscatter ratio began a consistent increase above background. The temperature range for the transition is usually well defined within several tenths of a Kelvin since the signal is increasing rapidly in such a region. The PSC type has been identified according to the scheme discussed below using several distinctive points in, but at the edge of, the cloud. Also shown in Figure 3 is an example of a temperaturepressure relationship for a parcel of air undergoing small vertical adiabatic displacements. It is apparent that air mass motions involving even small vertical displacements can lead to temperature excursions covering the entire critical temperature range. Thus possible small-scale vertical motions need to be addressed when deriving a realistic thermal history of PSCs from back-trajectory calculations, as is now well recognized. Scenario 1 relates to all particle growth in which the rate of change in the radius is a constant, which is possible in the low-pressure limit for particles growing at a rate dictated by molecular collisions (simple kinetic theory model). Scenario 2 describes all particle growth in which cra remains constant, as would be expected in the equilibrium STS model as employed by Hamill et al. [1996] . Scenario 3 describes limited participation growth (1 particle in 1000) in which the radius growth rate is a constant for the selected particles and the refractive index is taken to be 1.50 for the growth mode and 1.43 for the background, nongrowth aerosol mode. This scenario may approximately simulate NAT particle formation. Scenario 4 is the same as scenario 3, except the refractive index is 1.33 for the growth mode and is shown to illustrate the dependency of the results on particle composition. Variations in the index of refraction for scenarios 1 and 2 have relatively small effect on the evolutionary tracks shown in Figure 6 . The four illustrated scenarios in Figure 6 are not meant to be exhaustive. definitions provide an objective approach to investigating systematic differences in threshold temperatures for various PSC types.
Probability of Type I PSCs
As mentioned above, important information is missing from Figure 3 in that it may be necessary to consider all of the observations, particularly those for which PSCs were not detected but were expected in the observed pressure-temperature regime. Figure 7 was constructed from all of the data points above 15 km and utilized the working definition of the PSC types described above. As will be discussed below, these results present a distinctly different impression than might be gained from Figure 3 alone. For a simple kinetic theory model, particle growth and evaporation rates are essentially the same for the background size mode involved here, although the detailed model of Meilinger et al. [1995] shows some noticeable hysteresis effects for a growth-evaporation cycle. If there is a nucleation barrier involving the onset of growth, the particle may be expected to evaporate at a higher temperature than that of formation. In addition, small accommodation (sticking) coefficients could lead to long formation times but could maintain fast evaporation. Such possibilities may be useful for interpreting some of our observations, particularly those characteristic of Ia PSCs.
Probability of Type II PSCs
As indicated above, it is possible to imagine conditions under which the growth rate could be much smaller, as, for example, in the case of aerosol particles that have very limited surface sites on which condensation or growth can occur or in which the effective accommodation coefficient is very small. In this situation the particles may need to be at temperatures below the effective saturation point for a long time before they reach the detection threshold, but they could evaporate quickly at temperatures just above the saturation point. Thus these particles appear to contain an excess amount of water and are perhaps associated with pre-type II PSCs, even though their backscatter is much too small to be classified as an ordinary type II PSC. Their water-rich composition invites speculation that they may be associated with the type Ic PSCs proposed by Tabazadeh and Toon [1996] , although it is not clear that they meet the color index criteria. Koop and Carslaw [1996] have described a deliquescence temperature Ta which represents the melting and sudden onset of growth for cooling, frozen sulfuric acid tetrahydrate (SAT) particles. Using our definition of TsTs, we find that Ta and TsTs are essentially identical for practical purposes. Thus our threshold temperatures themselves cannot be used to identify initially frozen or liquid particles. However, in the frozen particle deliquescence case the growth starts suddenly at T a, while for the liquid STS system, there is a small but significant growth or particle swelling (deliquescence) before TST s is reached. In Figure 2 the liquid deliquescence swelling effect can be noted in the difference between the solid line and the data points: at much warmer temperatures (215øK) the thick solid line would approach the horizontal line defined by the data points shown at temperatures > 195øK.
Deliquescence Temperature Issues
A comparison of the measured data points with the thick line theoretical curve in Figure 2 might suggest that the growth onset is more abrupt than would be expected for STS aerosols. However, within the range of parameter uncertainty (thin line prediction) the onset could be much sharper and probably indistinguishable from the sudden onset that would be expected in the deliquescence model. Thus it is not clear to us that our observed sharp PSC onsets are necessarily indicative of solid (frozen) particle deliquescence.
Type lb Growth Models
The type Ib PSC growth scenarios illustrated in Figure 6 suggest that a better agreement is obtained with the measured values in Figure 5 that the PSC threshold temperature is systematically below TNA T and that the probability of observing a PSC is greatly enhanced near TsTs, not TNA T. However, a more in-depth understanding of the two data sets indicates that they are probably entirely in agreement and provide some new insight. The satellite measurements sample conditions over a long horizontal path and could have a high probability of registering a PSC even if the PSC coverage were relatively small. Figure 7 indicates that one might expect about a 10% PSC coverage for stratospheric temperatures near and just below TNA T. Thus a balloon sounding would have only a small chance of going through a type Ia (NAT) PSC at these temperatures, while the satellite could have a high chance of detecting a NAT PSC somewhere in the long horizontal observing path. Furthermore, this interpretation suggests that it may be difficult, or perhaps impossible, to detect PSC enhancements at TsTs temperatures through satellite-based observations because the phenomena could be masked by localized sparse type Ia PSC activity.
Conclusions
Aerosol backscatter and concurrent temperature variations near the edge of some PSCs are consistent with the known optical properties of type Ib PSCs and the thermodynamic model of STS aerosols as proposed by other investigators. However, there appears to be about a iøK offset in the predicted and observed average threshold temperatures, which may not be significant in light of experimental errors, accuracy of the technique, and assumptions of trace gas components. In addition, the observed threshold temperatures range between TNA T and our defined TsTs (which is also close to Ta).
The available data do not show an easily distinguishable difference between the threshold temperatures for type Ia and Ib PSCs. In contrast, the probability of occurrence curves for type Ia and Ib are quite dissimilar in that the Ib PSCs show a dramatic increase near TST s (as expected from present theories) and the type Ia PSCs display a relatively low, but very roughly uniform, probability at all measured temperatures below about TNA T. The probability of occurrence for Ia PSCs is consistent with select nucleation and slow particle growth at temperatures below about TNA T and relatively rapid evaporation near TNA T.
